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1 ,QWURGXFWLRQ 
Ka-Band FMCW (Frequency Modulated Continuous 
Wave) SAR (Synthetic Aperture Radar) systems are 
of great interest for high-resolution embedded appli-
cations like UAV (Unmanned Aerial Vehicle) [1]. 
The design of a Ka-Band SAR can be performed u-
sing low-cost devices, mostly low-cost analog de-
vices. But often, a great effort has to be made, based 
on these analog components to reach the desired per-
formances. Especially concerning the VCO (Voltage 
Controlled Oscillator) frequency characteristic which 
presents strong nonlinearities. The literature on the 
subject is well-developed. Some approaches are based 
on a PLL to get a linear chirp signal [1], other approa-
ches are based on the generation of a matched pre-
distorted voltage command to obtain the linear fre-
quency characteristic [2]. The generation of this pre-
distorted command can be made based on an acquisi-
tion of the VCO frequency characteristic measured for 
example with a signal analyzer. We will call it an o-
pen-loop calibration (figure 1, red path). The genera-
tion of the pre-distorted command can also be based 
on an acquisition of the beat signal using a delay line 
[2][3]. This is a closed-loop calibration (figure 1, 
green path). The use of a pre-distorted command is 
very efficient for the nonlinearities that can be appro-
ximated by a polynomial expression. But another 
concern is the residual errors which are random as 
well as deterministic. Several methods have been de-
veloped to mitigate these residual errors. In [4] the 
residual nonlinearities (deterministic as well as rand-
om) are measured simultaneously at each sweep 
thanks to an additional path in the radar and then cor-
rected by making the assumption that the strength of 
phase error is proportional to the range. A complete 
compensation of the residual phase nonlinearities of 
the VCO is achieved based on a measurement on the 
beat signal and the Residual Video Phase removal al-
gorithm in [5], assuming that all the nonlinearities on-
ly come from the transmitted chirp.  
In this paper, we assume that the imperfections not 
only come from the VCO but also from the up-
conversion and down-conversion block. Considering 
these imperfections, we discuss the range validity of a 
closed-loop calibration of the VCO and propose a 
post-processing method to correct the strong sinusoi-
dal nonlinearities coming from the VCO as well as the 
phase distortion coming from the up-conversion and 
down-conversion block. Figure 1 gives the architec-
ture of the commercial radar used, purchased from 
Frontier Integrated Technology Pte. Ltd.  
In part 2 we discuss the effect of the phase distortion 
in the up-conversion and down-conversion block and 
demonstrate that generating a pre-distorted command 
based on a closed loop calibration give better results 
for this particular range but worse results for the other 
range. In part 3 we highlight the dramatic effect of 
residual sinusoidal nonlinearities of the frequency 
characteristic of the VCO and propose a post-
processing phase correction method which corrects 
both the sinusoidal nonlinearities and the transceiver 
phase distortion. In part 4 we present measurement 
results of the SAR with the proposed post-processing. 
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Where for a T=1 ms sweep, A=3ǜʌǜ109 and B=ʌǜ012. 
If we approximate the phase distortion in the up-
conversion and down-conversion block as an n-th or-
der polynomial expression: 
             ߮ௗ௜௦௧ሺݐሻ ൌ ݇ଵݐ ൅ ݇ଶݐଶ ൅ ݇ଷݐଷ ǥ൅ ݇௡ݐ௡                 (2) 7KHQ WKH SKDVH RI WKH FKLUS UHFHLYHG DIWHU GRZQ-
FRQYHUVLRQIURPDVLQJOHWDUJHWFDQEHZULWWHQDV 
          ߮௥௘௖௘௜௩ሺݐሻ ൌ ሺܣ ൅ ݇ଵሻሺݐ െ ߬ሻ ൅ ሺܤ ൅ ݇ଶሻሺݐ െ ߬ሻଶ          (3) ൅݇ଷሺݐ െ ߬ሻଷ ǥ൅ ݇௡ሺݐ െ ߬ሻ௡                  
:LWK Ĳ WKH URXQG-WULS GHOD\ WR WKH WDUJHW 6R WKH IUH
TXHQF\ RI WKH EHDW VLJQDO LQVWHDG RI EHLQJ HTXDO WR
%Ĳʌ UHVXOWV LQ DQ Q--WK RUGHU SRO\QRPLDO H[SUHV
VLRQ 7R LOOXVWUDWH KHUHDIWHU LV WKH H[SUHVVLRQ RI WKH
EHDWIUHTXHQF\IRUDWKLUG-RUGHUSKDVHGLVWRUWLRQLQWKH
WUDQVFHLYHUEORFN ௕݂௘௔௧ሺݐሻ ൌ ሺ ?  ?ߨ ? ሻ ? 
   ሾሺെ݇ଵ ൅  ?ܤ߬ ൅  ? ଶ݇ െ  ? ଷ݇߬ଶሻ ൅  ?ݐሺെ݇ଶ ൅  ? ଷ݇߬ሻ െ  ? ଷ݇ݐଶሿ    (4) 
This non-stationarity of the beat signal leads to a 
spread of energy in the spectrum. The FFT of the beat 
signal then presents higher side-lobes and the main 
lobe may be shifted compared to the ideal case. Fig-
ure 2 presents the frequency characteristic of the beat 
signal for the following phase distortion parameters in 
the up-conversion and down conversion block:  k1=-
1000, k2=10
5
, k3=-ǜ9. To later quantify the impact 
of the phase distortion error on the beat signal we will 
use the area between the ideal beat frequency and the 
distorted one (see figure 2):  
                         ݁ݎݎ݋ݎ ൌ ׬ ቀ ௕݂௘௔௧ሺݐሻ െ ஻ఛగ ቁ ݀ݐ଴்                             (5) 
 
 
The greater this area is, the greater the degradation of 
the performances (possible shift of the main lobe and 
higher side lobes). 
 )LJXUHHUURULQWKHEHDWIUHTXHQF\ 
As we will see in the following part, it is possible to 
compensate for this error at a particular range through 
a closed-loop calibration but the error will increase as 
soon as we move away from the calibration range. 
 5DQJHYDOLGLW\RIFORVHG-ORRSFDOLEUDWLRQ 
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%XWDVVRRQDVZHKDYHSKDVHGLVWRUWLRQLQWKHWUDQV
FHLYHU FKDLQ WKH IUHTXHQF\ FKDUDFWHULVWLF WKDW LV GH
GXFHGLVQRORQJHU WKH WUXH9&2FKDUDFWHULVWLFEXWD
JOREDO IUHTXHQF\ FKDUDFWHULVWLF LQFOXGLQJ WKH SKDVH
GLVWRUWLRQ )RU H[DPSOH ZH DJDLQ FRQVLGHU WKH FDVH
SUHVHQWHG LQ SDUW  VDPH GLVWRUWLRQ SDUDPHWHUV
%DVHGRQ WKHSKDVHRI WKHEHDW VLJQDO LQVWHDGRI WKH
UHDOSKDVHRIWKHOLQHDUFKLUSH[SUHVVHGLQWKHGH
GXFHG9&2SKDVHFKDUDFWHULVWLFZLOOEH 
             ߮௧௥௔௡௦ ?ௗ௘ௗ௨௖௘ௗሺݐሻ ൌ ܽଵݐ ൅ ܾଵݐଶ ൅ ܿଵݐଷ ൅ ݀ଵݐସ               (6) 
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PDQFHV )RU WKH RSHQ-ORRS FDOLEUDWLRQ WKH HUURU UH
PDLQVFRQVWDQW6RDSUH-GLVWRUWHGFRPPDQGJHQHUDW
HG ZLWK DQ RSHQ-ORRS FDOLEUDWLRQ ZLOO JLYH PRUH UR
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PHWKRGSUHVHQWHGLQWKHIROORZLQJSDUW 
 3RVW-SURFHVVLQJFRPSHQVDWLRQRIUHVLGXDOQRQOLQHDULWLHV 
 (IIHFWRIUHVLGXDOQRQOLQHDULWLHV 
After compensation with a pre-distorted command, 
the VCO frequency characteristic still presents some 
residual nonlinearities. One part of these nonlineari-
ties is random and the other part is deterministic. The-
se nonlinearities result in a phase error term in the 
beat signal, that we will call ǻĳbeat(t). The noisy beat 
signal, obtained during one period of chirp, can then 
be expressed as: ࢈ࢋࢇ࢚࢔࢕࢏࢙࢟ሺ࢚ሻ ൌ ࡱ૙ࢉ࢕࢙൫࡭࣎ െ ࡮࣎૛ ൅ ૛࡮࢚࣎ ൅  ?࣐࢈ࢋࢇ࢚ሺ࢚ሻ൯  ? મ܂ሺܜሻ   
(8) 
This is equivalent in the exponential form to: ܾ݁ܽݐ௡௢௜௦௬ሺݐሻ ൌ ሺܧ଴  ? ? ሻ ? ቂ݁௜ቀ஺ఛି஻ఛమାଶ஻௧ఛା ?ఝ್ ೐ೌ೟ሺ௧ሻቁ ൅ ݁ି௜൫஺ఛି஻ఛమାଶ஻௧ఛା ?ఝ್ ೐ೌ೟ሺ௧ሻ൯ቃ  ? ȫ୘ሺሻ    (9) 
From (9) we can calculate the Fourier Transform in 
the ideal case (ǻĳbeat(t) = 0) and observe that we 
should have two pure Sinc in the frequency domain: ܤ݁ܽݐ௜ௗ௘௔௟ሺ݂ሻ ൌ ாబଶ ቆܶ݁௜ቀ஺ఛି஻ఛమା்ሺ஻ఛିగ௙ሻቁݏ݅݊ܿ൫ܶሺܤ߬ െ ߨ݂ሻ൯ ൅ܶ݁ି௜ቀ஺ఛି஻ఛమି்ሺ஻ఛିగ௙ሻቁݏ݅݊ܿ൫ܶሺെܤ߬ െ ߨ݂ሻ൯ቇ                              (10) 
If we call Fs the sampling frequency used to make the 
acquisition of the beat signal, the FFT-location of the 
two Sinc will be %Ĳʌ and Fs-%Ĳʌ The second one, 
which is not useful, is usually removed by a low-pass 
filter.  
Due to the presence of ǻĳbeat(t), we will obtain two 
noisy Sinc. The part of ǻĳbeat(t) which degrades the 
expected Sinc most is the deterministic part. This part 
comes mainly from the VCO residual errors which are 
approximately sinusoidal and which dramatically re-
duce the dynamic range of the radar [6] but also from 
the phase distortion mentioned previously. 
 
3.2 Global correction of residual non-
linearities 
As the deterministic part of the error is the part that 
has the most impact on the degradation of the beat 
signal, we propose a correction based on the 
measurement of the mean value of the errors ǻĳbeat(t). 
This method presents the advantage of not needing  an 
incorporated delay line in the radar.  It also corrects 
the phase distortion coming from the transceiver 
block and the residual nonlinearities coming from the 
VCO at the same time. 
The first step of the method is to evaluate ǻĳmean(t) the 
mean value of ǻĳbeat(t) based on several beat signal 
acquisitions. For that we can use either one-target ac-
quisitions, or several-target acquisitions. If several-
target acquisitions are used, one target has to be selec-
ted in the frequency domain thanks to a bandpass fil-
ter. On each acquisition the phase of the one-target-
beat signal is calculated by the following process: 
     ߮௕௘௔௧ሺݐሻ ൌ ܽݎܿݐܽ݊ ቆ௜௠௔௚ቀூிி்൫௛௔௟௙ ?ிி்ሺ௕௘௔௧ሺ௧ሻሻ൯ቁ௥௘௔௟ቀூிி்൫௛௔௟௙ ?ிி்ሺ௕௘௔௧ሺ௧ሻሻ൯ቁ ቇ                (11) 
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WKLV GLIIHUHQFH ǻĳPHDQW LV FDOFXODWHG VWRUHG DQG
XVHGWRFRUUHFWHYHU\UDQJHSURILOHIURPD6$5DFTXL
VLWLRQ E\ D VLPSOH PXOWLSOLFDWLRQ 7KH FRUUHFWHG EHDW
VLJQDOFDQEHH[SUHVVHGDV ܾ݁ܽݐ௖௢௥ሺݐሻ ൌ ܧ଴ܿ݋ݏ൫ܣ߬ െ ܤ߬ଶ ൅  ?ܤݐ߬ ൅  ? ௕߮௘௔௧ሺݐሻ൯  ? ݁ି௜ ?ఝ೘೐ೌ೙ሺ௧ሻ  ? ்ߎሺݐሻ                                                                                          (12) 
6LQFHZHDVVXPHGSUHYLRXVO\WKDWWKHVWURQJHVWSDUWRI
ǻĳEHDWW LV WKH GHWHUPLQLVWLF SDUW ZH FRQVLGHU WKDW
ǻĳPHDQW§ǻĳEHDWW WKHFRUUHFWHGEHDW VLJQDOFDQ WKHQ
EHDSSUR[LPDWHGE\ ܾ݁ܽݐ௖௢௥ሺݐሻ ൌ ሺܧ଴  ? ? ሻ ? ൣ݁௜ሺ஺ఛି஻ఛమାଶ஻௧ఛሻ ൅ ݁ି௜ሺ஺ఛି஻ఛమାଶ஻௧ఛାଶ ?ఝ್ ೐ೌ೟ሺ௧ሻሻ൧  ? ȫ୘ሺሻ 
We have seen previously that this results in a two-part 
spectrum. But thanks to the correction, the first part of 
the spectrum is now cleaned of the nonlinearities 
which are concentrated in the non-useful symmetrical 
part which is removed by a low-pass filter. Figure 4 
presents the result of the correction applied on a real 
case for a target at a range of about 6 m. As expected, 
we notice a great reduction of the side-lobes which 
proves that most of the phase nonlinearities have been 
compensated for. 
 
 
 
 
 
 
 
 
 
 
 
 
 
  0HDVXUHPHQWUHVXOWV 
 
Acquisitions of raw data have been made with a cou-
ple of reflectors at a range of about 20 m. The VCO is 
driven by the pre-distorted command generated in 
open-loop. Figure 5 presents the resulting SAR image 
before the correction of the nonlinearities (top image) 
and after the correction of the nonlinearities (below 
image). On the top image the white arrows indicate 
the location of side-lobes resulting from the phase 
nonlinearities. We can observe in the image below 
that these side-lobes are weaker, giving a better ener-
gy focus, proving that the post-processing method is 
efficient. 
 &RQFOXVLRQ 
The paper has presented a study of the range-
dependent aspect of the closed-loop calibration due to 
phase distortion coming from the up-conversion and 
down-conversion block of a Ka-Band radar. A post-
processing method correcting both the phase distor-
tion of the up-conversion and down-conversion block 
as well as the strong sinusoidal nonlinearities coming 
from the VCO has been provided and tested on a real 
SAR acquisition. 
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